Background: Centrioles are cylindrical microtubule-based structures whose assembly is critical for the formation of cilia, flagella, and centrosomes. The centriole proximal region harbors a cartwheel that dictates the 9-fold symmetry of centrioles. Although the cartwheel architecture has been recently analyzed, how it connects to the peripheral microtubules is not understood. More generally, a high-resolution view of the proximal region of the centriole is lacking, thus limiting understanding of the underlying assembly mechanisms. Results: We report the complete architecture of the Trichonympha centriole proximal region using cryotomography. The resulting 3D map reveals several features, including additional densities in the cartwheel that exhibit a 9-fold symmetrical arrangement, as well as the structure of the Pinhead and the A-C linker that connect to microtubules. Moreover, we uncover striking chiral features that might impart directionality to the entire centriole. Furthermore, we identify Trichonympha SAS-6 and demonstrate that it localizes to the cartwheel in vivo. Conclusions: Our work provides unprecedented insight into the architecture of the centriole proximal region, which is key for a thorough understanding of the mechanisms governing centriole assembly.
Introduction
Centrioles and the related basal bodies (henceforth referred to as centrioles for simplicity) are nonmembranous organelles fundamental for the formation of cilia, flagella, and centrosomes [1] [2] [3] [4] . The centriole is an evolutionary conserved cylindrical structure typically w500 nm high and w250 nm in diameter, which exhibits a defining 9-fold radial symmetric arrangement of peripheral microtubules. Although the question of centriole assembly has been the subject of intense investigation in recent years, a high-resolution view of the proximal region of the centriole, from where the entire structure stems, is missing.
In most species, centriolar microtubules are arranged in triplets from the proximal end through approximately two-thirds of the longitudinal axis of the centriole [5] [6] [7] [8] [9] . These triplets comprise a complete A-microtubule oriented toward the center of the centriole, an incomplete B-microtubule attached to the wall of the A-microtubule and an incomplete C-microtubule attached to the wall of the B-microtubule [5] [6] [7] [8] [9] . Unicellular flagellates have been instrumental in revealing the organization of microtubules along the longitudinal centriole axis. In Chlamydomonas (see Figure S1 available online), the proximal-most w100 nm harbors microtubule triplets that are connected by a so-called A-C linker, which bridges the Amicrotubule from one triplet with the C-microtubule from the neighboring one. This is followed by a w250 nm-long central region (also called central core) [9] , in which a Y-shaped structure is observed at the junction between the A-and B-microtubules [6, 9, 10] . In the distal-most w150 nm, the C-microtubule is lacking, such that microtubule doublets composed of A-and B-microtubules are present.
The proximal-most w100 nm of the centriole contains the cartwheel, which is critical for imparting the 9-fold symmetry of the entire structure [4, 11, 12] . The cartwheel consists of a central hub from which nine spokes emanate and extend toward the peripheral microtubule triplets. The evolutionary conserved SAS-6 proteins [4, 13, 14] are essential for cartwheel assembly from unicellular organisms to human cells and are characterized by a globular N-terminal domain, followed by an extended coiled coil and a more divergent C-terminal region. SAS-6 proteins form homodimers through an interaction mediated by the coiled-coil moiety and can undergo further higher-order oligomerization through interactions between N-terminal domains of neighboring homodimers [15, 16] . These interactions involve a critical residue that, in most SAS-6 proteins, is a phenylalanine in one N-terminal domain that dives into a hydrophobic pocket in the other N-terminal domain. In vitro, such higher-order oligomerization leads to the formation of ring-like structures w22 nm in diameter from which emanate nine spokes [15] . Such rings are likely to exist in vivo, as revealed by the 3D map of the exceptionally long cartheel from Trichonympha [17] , a symbiotic flagellate present in the hindgut of termites [18] . The Trichonympha cartwheel contains a stack of central rings spaced by 8.5 nm, which could accommodate nine homodimers of the Chlamydomonas SAS-6 protein Bld12p [17] . This analysis also uncovered that the spokes emanating from two rings merge approximately midway toward the periphery, thus forming a layer with a periodicity of 17 nm at the cartwheel margin.
Despite these advances, whether a SAS-6 protein with a canonical domain organization is present in Trichonympha is not known. Moreover, despite growing efforts to understand centriole biogenesis in a number of systems, how exactly the cartwheel is connected to the microtubule triplets is not understood. The current knowledge about this question derives from electron microscopy (EM) of resin-embedded samples, which might alter molecular organization, and does *Correspondence: pierre.gonczy@epfl.ch not provide sufficiently detailed information [19, 20] . Here, we use the power of cryo-electron tomography on samples captured in their native state to unveil the comprehensive 3D architecture of the proximal end of the centriole.
Results

Trichonympha Centrioles Contain an Extended Proximal
Region and a SAS-6 Protein with Canonical Domain Organization We sought to utilize Trichonympha to unveil the complete 3D architecture of the proximal region of the centriole. Whereas it is known that Trichonympha harbor exceptionally long centrioles and cartwheels ( Figures 1A and 1B) [17, 18] , whether this reflects an extension solely of the proximal region is not clear. We measured the length of the cartwheelcontaining and the cartwheel-less regions in resin-embedded centrioles and found them to be on average 3,700 nm (n = 7, SD = 490) and 420 nm (n = 7, SD = 30), respectively ( Figures  1C and 1D ). The latter figure is comparable to the 400 nm observed for the cartwheel-less region of the Chlamydomonas centriole ( Figures S1C-S1H) [6, 9, 10] . Therefore, the unusual length of the Trichonympha centriole is due strictly to a lengthening of the cartwheel-containing proximal region.
Given that SAS-6 proteins are structural components of the cartwheel in other species [4] , we investigated whether the molecular nature of the SAS-6 protein in Trichonympha might be different, thus potentially explaining why such an exceptionally long proximal region is assembled. We set out to identify the sas-6 sequence in Trichonympha agilis with genome fragments and transcriptome analysis (Experimental Procedures). This resulted in the finding of a gene dubbed Tasas-6 that is predicted to encode a 531 amino acids-long protein, with the characteristic domain composition of other SAS-6 proteins, including the conserved globular N-terminal domain and predicted heptad repeat containing coiled-coil moiety ( Figures S2A-S2D ). Structural prediction indicates excellent conservation between TaSAS-6 and other SAS-6 proteins, including in the N-terminal domain that in other species mediates higher order oligomerization ( Figure S2D ). We noted also that the phenylalanine residue crucial for such oligomerization and present in most SAS-6 proteins is replaced in TaSAS-6 in a conservative manner by another aromatic residue, tyrosine (Tyr118) (Figures S2B-S2E ). Importantly, we found that the hydrophobic cavity that is also important for mediating the interaction between N-terminal domains is predicted to be present in Trichonympha, just like in other SAS-6 proteins ( Figure S2E ).
We wanted to address whether TaSAS-6 localizes to the proximal region of the centriole. We raised and affinity-purified polyclonal antibodies that recognize a single band at the expected size by immunoblot analysis of Trichonympha extracts ( Figure S2F ). As shown in Figure 1E and Figure S2G , immunofluorescence analysis with antibodies against TaSAS-6 and acetylated tubulin to mark centrioles and flagella demonstrated that TaSAS-6 localizes all along the cartwheelcontaining proximal region. Taken together, these observations indicate that TaSAS-6 behaves as a canonical cartwheel protein.
We then explored whether the presence of a tyrosine residue at the position crucial for oligomerization is sufficient to impart an altered organization to the centriole, including perhaps an extended proximal region. To this end, we engineered a mutant version of the human protein HsSAS-6[F131Y] and fused it to GFP. As shown in Figures S3A and S3B Figure S3F ) [15] . Importantly, we found that this mutation impairs function, because HsSAS-6[F131Y]-GFP is not able to rescue depletion of endogenous HsSAS-6, in contrast to WT HsSAS-6-GFP ( Figures S3C-S3G ). We conclude that having a tyrosine residue at this location is incompatible with HsSAS-6 function, perhaps because an interacting protein that is present in Trichonmypha is absent from human cells.
Detailed Map of Trichonympha Cartwheel
We reported previously the structure of the Trichonympha cartwheel at a resolution of w52Å , without analyzing the more peripheral elements [17] . Here, we used cryotomography and image processing to unveil the complete architecture of the proximal region of the Trichonympha centriole. Moreover, we sought to reach a higher resolution than previously to potentially uncover novel features of the cartwheel. Importantly, we set out to also analyze the Pinhead that connects the cartwheel to the microtubules, as well as the A-C linker that bridges neighboring microtubule triplets in the proximal region of the centriole. We acquired six tomograms of unflattened centrioles (Figure 2A ; Figures S4A and S4B) and performed image reconstructions followed by subtomogram averaging and 9-fold symmetrization to resolve the cartwheel ( Figure 2B ; Figures  S4F-S4H ). To address whether this 9-fold symmetrization might lead to potential artifacts, we also generated a map without imposing such symmetry ( Figures S4C-S4E ). Both maps display similar features, ruling out this possibility. We also generated a 3D map of the microtubule triplets with the accompanying Pinhead and A-C linker (Figures 3 and 5 ; Figures S4I-S4L ). We obtained a final resolution of w38Å for the cartwheel and of w42Å for the microtubule triplet and accompanying structures by using the FSC = 0.5 criterion ( Figures S4O and S4P) .
Interestingly, the new 38Å resolution cartwheel map revealed that the central hub not only comprises a ring, as previously reported [17] , but also densities within it, which we termed Cartwheel Inner Densities (CID) (Figures 2B and 2C). We utilized the predicted structure of TaSAS-6 homodimers ( Figure S2D ) to generate a TaSAS-6 ring model (Experimental Procedures), which fits perfectly inside the observed ring density ( Figures 2C and 2D ). We conclude that TaSAS-6 likely forms rings in vivo. Interestingly, we noted that the CID contacts the ring density at nine locations, which we mapped to the interface that mediates higher-order oligomerization between neighboring TaSAS-6 homodimers, where the critical Tyr118 residue is located ( Figures 2C and 2D ). Together with the lack of function of HsSAS-6[F131Y]-GFP in human cells, these observations raise the possibility that TaSAS-6 higherorder oligomerization is facilitated by as-of-yet unidentified proteins located in the CID. Whether this CID is present in other organisms, including human, is not known because of the lack of high-resolution 3D structure of the cartwheel in other systems.
We also analyzed the radial spokes of the cartwheel (Figures 2E and 2F) that have been proposed to correspond in part to the 45 nm-long coiled-coil domain of SAS-6 [15] . Our detailed map revealed that these spokes comprise three parts (Figure 2F ). First, starting from the central hub, there is a thin density that we termed the spoke arm (SP-A). Second, the SP-A fuses at approximately 20 nm from the central hub with another SP-A, thus forming a structure that we called the spoke junction (SP-J), which exhibits a vertical periodicity of 17 nm. This suggests that SAS-6 coiled-coil dimers could interact to form a tetramer corresponding to the SP-J. Third, the merged spokes connect to the Pinhead through a thicker density that we termed the spoke tip (SP-T). The overall length of the cartwheel spoke (C-SP) is w50 nm, correlating with the predicted length of the TaSAS-6 coiled coil (300 residues 3 0.1485 nm [axial raise per residue] = 44.55 nm) [15] .
Detailed Architecture of the Proximal Region of the Centriole Reveals Features and Chirality of the Pinhead and the A-C Linker
We determined the structure of the Pinhead that bridges the cartwheel to the microtubule triplets ( Figure 3 ; Movie S1). The high-resolution map revealed that the Pinhead can be subdivided into two parts. First, a previously described hook-shaped structure w5 nm long, which we dubbed the Pinbody (PinB) and that interacts with the cartwheel. Second, two densities w10 nm-long each, which we termed Pinfoot1 (PinF1) and Pinfoot2 (PinF2). These Pinfeet exhibit alternating vertical spacing of 8 and 9 nm and interact with the A3 protofilament of the A-microtubule (Figures 3C-3E) . Importantly, we found that the Pinfeet exhibit a clear asymmetry in the vertical direction, bending by w50 toward the proximal end ( Figures  3D and 3E ). Such bending imparts the orientation of the microtubule triplets along the proximal-distal axis, with the plus ends distal. This inherent feature of the Pinfeet reveals that the cartwheel/Pinhead ensemble is polarized along the proximal-distal centriole axis. (E) 3D representation depicted with a low threshold in order to clearly visualize the three layers of the cartwheel (light blue), each with two TaSAS-6 rings, plus a part of the peripheral Pinhead (dark blue). Note that at this lower threshold density, the CID appears as a continuous disk. Scale bar represents 10 nm. (F) Longitudinal view of the cartwheel highlighting the radials spokes (C-SP), which can be divided into three parts: the spoke arm (SP-A), the spoke junction (SP-J), and the spoke tip (SP-T); part of the Pinhead is also visible (dark blue).
We next analyzed the microtubule triplets. As for the central region of the Chlamydomonas centriole [9] , we found that the A-microtubule of the proximal region in the Trichonympha centriole is composed of 13 protofilaments. Moreover, the A-microtubule exhibits a distortion of 8%, giving it a characteristic elliptic shape, with the highest curvatures between protofilaments A3 and A4, as well as between A9 and A10 ( Figures  3B and 3C; Figure 4 ). Interestingly, we found a microtubule inner protein (MIP) every 17 nm on the vertical axis inside the A-microtubule between protofilaments A9 and A10 ( Figures  3C and 4A , red arrows; Figure S4J ), in an analogous position to that of MIP2 in the axonemal microtubule doublet [21, 22] . Because this is one of the locations where the curvature of the A-microtubule is maximal, this MIP might be involved in stabilizing the elliptic shape of the A-microtubule in the proximal region of the centriole.
We found that the overall organization of B-and C-microtubules of the proximal region in the Trichonympha centriole ( Figure 4A ) is similar to those in the central region of the Chlamydomonas centriole [9] . Thus, the B-microtubule comprises ten protofilaments and is attached to the wall of the A-microtubule, starting from protofilament A10 and going counterclockwise until protofilament A1. There, large lateral gaps are observed every 8.5 nm on protofilament B10, suggestive of a nontubulin protein in this region ( Figure 4B ). The C-microtubule is also composed of ten protofilaments, starting from protofilament B4 and going counterclockwise until protofilament B8. The first and the last protofilaments, C1 and C10, respectively, also contain large gaps with a periodicity of 8.5 nm (Figures 4B and 4C) . Although the overall organization of the C-microtubules is similar between the Chlamydomonas central region and the Trichonympha proximal region, we observed an additional density on the external side of the C-microtubule that we dubbed the C-stretch, which extends from protofilament C1 every 8.5 nm on the vertical axis ( Figures 4A-4C) . The MIP and the gaps within C1 and C10, as well as the C-stretch, likely reflect nonprotofilament macromolecular assemblies. The divergent tubulins d-and ε-tubulin have been proposed to be important for triplet formation [23, 24] and could thus potentially explain the noncanonical assemblies observed in our 3D map. Compatible with this hypothesis, we identified these rare tubulins in the Trichonympha agilis genome (see Supplemental Information), as well as g-tubulin. Alternatively, the observed assemblies could reflect other nontubulin components, such as tektins, which microtubule stabilizing proteins proposed to constitute one protofilament in the axonemal microtubule doublet [25] .
We next investigated the A-C linker that bridges neighboring microtubule triplets. Analysis of resin-embedded samples led to the suggestion that the A-C linker comprises two regions [18] , but additional information was lacking, including regarding whether the A-C linker is a continuous density along microtubules or instead exhibits periodic features along this axis. Our 42Å resolution map allowed us to address these questions and revealed that the A-C linker connects protofilaments A8 and C9 ( Figure 5A ). Furthermore, we found that two distinct densities compose the A-C linker and exhibit a longitudinal periodicity of 8.5 nm. First, a thinner density that we named the A-link, and which exhibits an inclination of 60 with respect to the A-microtubule with which it is connected ( Figure 5B ; Figure S4K ). Second, a thicker density that we termed the C-link, and which interacts with the C-microtubule. Besides the polarity inherent to the Pinhead structure (see Figure 3 ; Figure S4L ), the lateral inclination of the A-link is another feature that reveals a hitherto unsuspected polarity along the proximal-distal axis of the proximal centriole axis ( Figure 5B ).
Evolutionary Conservation of the Overall Architecture of the Proximal Region of the Centriole and Procentriole
To better understand how the cartwheel is connected to the microtubules, we merged the two corresponding 3D maps, thus revealing the complete organization of the proximal region of the centriole ( Figures 6A and 6B ). We then set out to address whether the features revealed by our analysis of the proximal region of the Trichonympha centriole are applicable to the proximal region of the procentriole present in the initial steps of centriole assembly and also whether they are evolutionarily conserved. To address these questions, we turned to Chlamydomonas, in which procentrioles are accessible, in contrast to the differentiated Trichonympha cells that harbor merely mature centrioles. Prior cryo-electron tomographic analysis described the organization of microtubule triplets in the central region of the Chlamydomonas centriole [9] . However, the cartwheel was lost from the centriole during purification in that study and the procentriole was not analyzed. Therefore, we developed a protocol to isolate the two mature centrioles and the two accompanying procentrioles, including their cartwheel, from Chlamydomonas in their native state (Experimental Procedures) (Figures S5A and S5B ; Movie S2).
Because the small size (w100 nm) of the cartwheel-containing proximal region in Chlamydomonas precludes a thorough 3D reconstruction by subtomogram averaging, we developed an image-analysis pipeline dubbed CentrioleJ to analyze qualitatively its organization in 2D ( Figure S5C ). This method relies on 9-fold symmetrization, circularization, and image realignment to help reveal ultrastructural details of centrioles and procentrioles in their native state (Supplemental Experimental Procedures). This analysis showed that the mature Chlamydomonas centriole can be subdivided into three regions, as previously described [9] : the proximal region that contains the cartwheel, the central region, and the distal region that contains microtubule doublets ( Figures S6A and S6B) .
We then analyzed the Chlamydomonas procentriole, in which the cartwheel is oriented toward the microscope electron beam (Figures 6C-6E ; Figures S5A and S5B) , allowing improved 2D tomographic reconstruction with better contrast ( Figure S5C ). This analysis uncovered several features in Chlamydomonas procentrioles ( Figure S6C) . Thus, the Pinhead appears as a hook-like structure comprising several densities, whereas the A-C linker clearly comprises two segments, a thicker one on the C-microtubule and a thinner one on the A-microtubule ( Figure 6E ). We then compared the overall organization as extracted from this 2D analysis of the Chlamydomonas procentriole with the 3D map of the proximal region of the Trichonympha centriole. Remarkably, this revealed a striking conservation between the two structures (Figures 6E and 6F ; Figure S5C ). This suggests that the architecture of the proximal regions of the centriole and the procentriole are analogous and conserved between Trichonympha and Chlamydomonas.
Discussion
The cartwheel serves as a template for the assembly of the centriole. Our analysis of the proximal region of the centriole reveals evolutionary conserved features that help explain how this unique architecture is well suited to impart the 9-fold symmetry to the entire structure ( Figure 7 ; Movie S3).
Previous work had investigated the structure of microtubule triplets in the central region of Chlamydomonas centrioles [9] . There, microtubule triplets are decorated by a Y-shaped density present circumferentially on the inner side of the A-and B-microtubules. Analysis of the central region in resin-embedded Trichonympha centrioles likewise shows a circular inner structure ( Figure S1C-S1H) . Conversely, 2D analysis of the proximal region of the Chlamydomonas centriole by cryotomography enabled us to establish that proximal features are different from central ones in algae ( Figure S6 ). Importantly, we found that proximal features in Chlamydomonas are similar to proximal features in Trichonympha (Figures 6 and 7 ; Figure S5 ). Overall, these observations indicate significant evolutionary conservation in the radial architecture of the proximal and central regions of centrioles.
Given such conservation, what are conceivable mechanisms by which the cartwheel could reach such an exceptional length in Trichonympha? Although the answer to this question will await further experiments, it is tempting to speculate that this might entail modulating SAS-6 ring assembly. Although our work is fully compatible with TaSAS-6 forming rings in vivo, the Trichonympha protein bears an amino acid substitution in a residue crucial for SAS-6 ring formation in other species [15, 16] . We found cartwheel inner densities (CID) at the location of this very interface, leading us to propose that additional proteins might stabilize SAS-6 rings in Trichonympha and perhaps thus have an impact also on cartwheel length. The fact that HsSAS-6[F131Y]-GFP does not sustain centriole formation in human cells is compatible with the notion that additional components are needed to enable robust higherorder oligomerization of TaSAS-6. Furthermore, interestingly, the 9-fold symmetry of the CID raises the possibility that it might contribute to establishing the likewise symmetry of the entire centriole. Intriguingly, a structure with 9-fold rotational symmetry termed the stellate granule is also present in the lumen of the cartwheel of the fungus Phlyctochytrium irregulare [26] , suggesting that an inner structure interacting with SAS-6 rings could be a more general theme.
Importantly, our work reveals a remarkable feature of the inner proximal region of the centriole: polarity along the proximal-distal axis. Analysis of our tomograms unambiguously demonstrates the existence of two such polarized structures: the Pinhead, via the asymmetric disposition of the Pinfeet, as well as the A-C linker, via the 60 angle inclination of the A-link. The inherent polarity of these structures might play a critical role during centriolar assembly by providing directionality to the elongation of centriolar microtubules, as well as dictating the chirality of microtubule triplets, which is then kept along the entire centriole, notably in the central core region, where such polarity has been observed for instance in Chlamydomonas [9] .
Another contribution of our analysis is the possibility to formulate hypotheses regarding proteins underlying the architecture of the proximal region of the centriole. In both Chlamydomonas and Paramecium, the coiled-coil protein Bld10p localizes to the Pinhead region and is needed for cartwheel assembly [12, 27] . Interestingly, the lack of BLD10 in Tetrahymena thermophila leads to misorientation of microtubule triplet [28] . Moreover, the evolutionarily conserved N-terminal domain of the Drosophila Bld10 protein binds microtubules [29] . Our detailed analysis of the Pinhead reveals that it comprises two distinct densities: the Pinbody on the side of the cartwheel and the Pinfeet on the side of the A-microtubule. We found that the Pinfoot 1 and the Pinfoot 2 exhibit alternating periodicities of 8 and 9 nm along the A-microtubule, suggesting two different domains of interaction with the A-microtubule. One possibility is that Bld10 proteins might have another microtubule interaction domain besides the one characterized in their N-terminal part. Alternatively, another protein might mediate one of the two interactions with the A-microtubule. One such candidate is SAS-4/ CPAP, which is important for centriole assembly across evolution and also binds microtubules in vitro [30] . Intriguingly, in human cells, CPAP can bind the Bld10p homolog CEP135, as well as HsSAS-6 [31] . The existence of such a complex is fully compatible with the structure of the Pinhead unveiled in our study. Together, these observations lead us to propose a model in which the spoke arm (SP-A) is composed by dimeric SAS-6 proteins, which then tetramerize to form the spoke junction (SP-J). Given the known interaction between Cep135 and HsSAS-6 [31] , the spoke tip could be composed in part by a complex between the C-terminal moiety of SAS-6 proteins and Cep135/Bdl10 proteins. In this model, the Pinhead that follows toward the outside could be a complex between Cep135 and CPAP, whereby the two Pinfeet might be alternating microtubule binding domains of Cep135 and CPAP.
In conclusion, our 3D analysis of the proximal region of the Trichonympha centriole provides an unprecedented comprehensive view of the architecture of this region, which is at the root of the 9-fold near-universal symmetry of centrioles.
Experimental Procedures
Trichonympha Centriole Isolation Mature Trichonympha cells (T. collaris, T. sphaerica, and T. campanula) were extracted from the hindgut of Zootermopsis nevadensis termites and sedimented in an Eppendorf tube for 8 min. The supernatant was carefully aspirated and the sedimented material resuspended three times in 10 mM K-Pipes (pH 7.2) as described [17] . Basal bodies were released during 15 min without agitation by adding 1 ml of K-Pipes 10 mM 0.5% NP-40 at 4 C. After sedimenting debris by centrifugation at 500 g for 3 min, the supernatant was centrifuged at 1,000 3 g for 5 min and the pellet stored at 4 C before cryo-EM or immunofluorescence microscopy.
Immunofluorescence Microscopy
Isolated basal bodies were centrifuged at 10,000 g onto a coverslip with a Corex with an adaptor. Coverslips were then fixed for 7 min in -20 C methanol, washed in PBS, incubated 45 min at room temperature with primary antibodies in 1% bovine serum albumin and 0.05% Triton X-100, washed 5 min in PBS with 0.05% Triton X-100, and incubated 45 min at room temperature with secondary antibodies. Primary antibodies were 1:2,000 rabbit centrin-3 [32] and 1:1,000 acetylated tubulin (Sigma-Aldrich). Secondary antibodies were 1:1,000 goat anti-rabbit coupled to Alexa 488 and 1:1,000 goat anti-mouse coupled to Alexa 568. Imaging was done on a Zeiss LSM700 confocal microscope.
Electron Cryotomography
Centrioles isolated from Trichonympha or Chlamydomonas, diluted with 1:1 colloidal gold in K-Pipes 10 mM (Sigma G-1527), were deposited onto a Lacey carbon film grid (300 microMesh), blotted on one side with a filter paper (Whatman n 1) and vitrified in liquid ethane with a homemade plunging apparatus. Grids of isolated Trichonympha centriole were transferred into a FEG Tecnai F 20 (FEI Eindhoven, The Netherlands) operating at 200 kV equipped with a cryo-specimen holder Gatan 626 (Warrendale, PA). Tilt series covering an angular range from 265 to +65 at 2 increments were recorded at 29,000 X with an Eagle camera 4096 X 4096 (binning 2, 0.748 nm final pixel size) with FEI Tomography Software. Purified Chlamydomonas centrioles were analyzed by cryotomography with a JEOL JEM 2200FS cryo-electron microscope operating at 200 KeV and equipped with a field emission gun and a U filter. Images were collected using a 2k 3 2k CCD camera (Gatan, Pleasanton, CA, USA) with a single axis Z-loss tomographic tilt series at 2-4 mm underfocus acquired from 260 to 60 at 1 increment angles. Nominal magnification and energy window were 15,000 X (binning 1, 0.707 nm final pixel size) and 20 eV, respectively.
The tomograms were aligned with 10 nm fiducial gold markers and reconstructed by R-weighted back projection with IMOD [33] . For Trichonympha, six tomograms that exhibited no flattening of the radials spokes were used for subtomogram averaging of the central hub. Pixel size calibration was determined with microtubules nucleated in vitro in the presence of GTP, which were imaged with the same parameters as for cryotomography. The detection of the layer line at 4.0 nm with the Fast Fourier Transform (FFT) in such microtubules was used to determine the exact pixel size.
Chlamydomonas Centrioles-Procentrioles Isolation
The Chlamydomonas cell wall-less strain CW-15 [34] was grown in Trace medium. Cells (100 ml) were pelleted at 300 g, washed three times with Trace buffer, and resuspended for 10 min in 10 ml of K-Pipes 10 mM + anti-protease cocktail + NP40 1% and 0.01 M sodium EDTA. After centrifugation at 1,500 rpm to remove cell debris, the supernatant was centrifuged at 3,500 rpm during 10 min into 1 ml of a 60% sucrose cushion. The 2 ml cushion interface (1 ml cushion + 1 ml above the cushion) was diluted 1:1 with K-Pipes buffer (10 mM). The resulting suspension of nucleus-centriole complex was stirred by pipetting to detach the nucleus and then centrifuged a 1,000 g to pellet the nucleus. The resulting suspension was again diluted in 10 ml of K-Pipes for the cryo-EM.
Accession Numbers
The DDBJ/Genbank/EMBL accession numbers for the Trychonympha agilis sequences reported in this paper are as follows: Tasas-6 (AB819956), alpha tubulin (AB819957), beta tubulin (AB819958), gamma tubulin (AB819959), delta tubulin (AB819960), and epsilon tubulin (AB819961).
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